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Flexibility is a likely determinant of binding specificity in the case
of ileal lipid binding protein
Christian Lücke1,2, Fengli Zhang3, Heinz Rüterjans2, James A Hamilton3 and
James C Sacchettini1*
Background: The family of lipid binding proteins (LBPs) includes a large
number of fatty acid binding proteins (FABPs) but only two proteins (ileal lipid
binding protein, ILBP, and liver fatty acid binding protein) that can bind both fatty
acids and bile acids. Bile acid transport is medically and pharmacologically
important, but is poorly understood. To understand the binding properties of
ILBP, we studied its solution structure with and without bound lipids and
compared these with known structures of FABPs.
Results: The sequence-specific 1H resonance assignments for porcine ILBP
have been determined by homonuclear two-dimensional (2D) NMR spectroscopy
for the apo-protein as well as for ILBP complexes with fatty acid and bile acid
ligands. From NOE spectra and hydrogen exchange data, similar secondary
structure elements were identified for all three protein forms. ILBP is composed of
ten antiparallel b strands arranged in two nearly orthogonal b sheets (a fold seen
in other FABPs, and dubbed the ‘b-clam shell’), covered on one side by two short,
nearly parallel a helices. Binding of fatty acids or bile acids to ILBP alters mainly
the side-chain proton resonances of amino acids within the protein cavity,
indicating that both bile acids and fatty acids can bind in the interior of the protein
between the two b sheets; binding of bile acids stabilizes the protein backbone
by a small amount. Fast hydrogen exchange rates for the backbone amide protons
of ILBP indicate that the hydrogen-bonding network of the b sheet in ILBP is
weaker than the corresponding network in rat intestinal and bovine heart FABPs.
Conclusions: The tertiary structure of ILBP is similar to that of other LBPs, but
appears to be unusually flexible, with a relatively weak hydrogen-bonding
network. It is likely that this flexibility is important in allowing bile acids, which are
larger and more rigid than fatty acids, to enter the central cavity of the protein.
Introduction
Ileal lipid binding protein (ILBP, previously referred to as
Gastrotropin) is a 14.1 kDa protein isolated from porcine
ileal mucosa [1] and canine ileum [2]. Although originally
ILBP was reported [3] to be a secreted enterooxyntin,
other studies contradicted this hypothesis. For example,
Gantz et al. [4] found that the protein did not stimulate
acid secretion in rats with gastric fistulas. Furthermore, 
no signals for co-translational entry into the secretory
pathway were found in the DNA sequence of ILBP [4].
The primary structure of porcine ILBP [1] shows
sequence homology with a family of intracellular lipid
binding proteins (LBPs). Within this family is a group of
fatty acid binding proteins (FABPs) comprising several
different 14–15 kDa proteins that have been isolated and
characterized from the cytosol of various mammalian
tissues such as intestine, heart, liver, skeletal muscle, as
well as adipose and myelin tissues [5–15]. FABPs have
also been isolated from non-mammalian sources, such as
birds [16,17], fish [18] and insects [19–22]. All proteins of
this family are known to bind small amphiphilic ligands,
yet their precise function still remains poorly understood
(reviewed in [23]). A recent report showed that an isoform
of human intestinal fatty acid binding protein (I-FABP)
with a higher affinity for fatty acids is associated with
increased fat oxidation and insulin resistance [24]. This sug-
gests that I-FABP may be involved in fatty acid absorption
in the intestine.
X-ray crystallography has solved the tertiary structures of
several FABPs: intestinal FABP [25–27], liver FABP [28],
heart FABP [29], muscle FABP [30], adipocyte FABP
[31], myelin P2 protein [32,33] and an FABP molecule iso-
lated from the tobacco hornworm Manduca sexta [34]. To
date, only one LBP structure, that of bovine heart FABP,
has been determined by NMR spectroscopy [35,36]. Both
the X-ray crystal structures and the NMR solution struc-
ture have revealed a similar backbone fold for all FABPs.
The structural motif consists of two nearly orthogonal
b sheets comprising a total of 10 antiparallel b strands and
two nearly parallel a helices. The bound lipid is located in
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the interior of these proteins, between the two b sheets,
and ordered water molecules are found within a single large
internal cavity (~ 800 Å3).
The family of intracellular LBPs also includes a group 
of retinoid binding proteins (cellular retinol binding
protein (CRBP) I and II, cellular retinoic acid binding
protein (CRABP) I and II) that appear to be derivatives of
a common ancestral gene [37]. These proteins display
structural and binding motifs that are analogous to the
FABP family [33,38], even though their primary ligands
are retinoids.
In the LBP family, bile acids bind only to ILBP and liver
fatty acid binding protein (L-FABP) [39–41]. These two
proteins display the highest sequence homology when
compared with other LBPs. Alignment of the amino acid
sequences of ILBP and L-FABP with most other LBPs
shows a four-residue gap (six residues when compared
with I-FABP) in the region between b-strands G and H
[4], which is otherwise highly conserved throughout the
protein family. However, it is not known how this gap
affects the secondary and tertiary structure or if it is an
important factor of bile acid binding.
Bile acid transport is of special medical and pharmacological
interest. In the enterohepatic circulation, approximately
90–95% of the bile acids that pass through the small intes-
tine are reabsorbed across the membrane boundaries of the
epithelium in the distal ileum via both active and passive
transport mechanisms [39]. However, little is known about
the molecular aspects of intracellular trafficking of bile
acids. In humans, the primary bile acids are cholic acid and
chenodeoxycholic acid. When secreted into the bile as N-
acyl conjugates of either glycine or taurine [42], they then
traverse the proximal to distal axis of the small bowel and
are either reabsorbed without modification or are deconju-
gated by bacterial enzymes in the ileum prior to reabsorp-
tion [39]. The proteins involved in all these steps, including
cytosolic carriers of bile acids, are mostly unidentified. In
particular, no three-dimensional (3D) structure of a bile acid
binding protein has been determined previously. In this
study, we have also investigated the solution structure of
ILBP with bound chenodeoxycholic acid, a primary bile
acid in humans that is known to bind to ILBP [39,43]. 
This enables analysis of the structural aspects of bile acid
binding to ILBP and to provides insights into the binding
mechanism between bile acid ligands and protein.
Results and discussion
Secondary structure
The sequence-specific 1H resonance assignments were per-
formed following a modified version of the standard proce-
dure described by Wüthrich [44] as previously applied in
the structure determination of bovine H-FABP [45]. Thus,
the proton resonances of 126 of the 127 amino acid residues
in ILBP were sequentially assigned for the apo-protein as
well as for the ILBP–fatty acid and ILBP–bile acid com-
plexes. Except for Ala1, which appeared to display a high
degree of heterogeneity, the resonance frequencies of all
backbone and non-labile side-chain protons, as well as most
labile side-chain protons, were assigned. For every proline
residue in ILBP (Pro24, Pro54 and Pro95) a trans-conforma-
tion was identified. The 1H assignments for apo-ILBP are
listed in Table 1.
The secondary structure was determined from NOE dis-
tances obtained from the nuclear Overhauser enhance-
ment and exchange spectroscopy (NOESY) data (Fig. 1a)
for apo-ILBP and for both ligand complexes of ILBP. The
secondary structural elements described explicitly for apo-
ILBP in this section are nearly identical in the complexes
with bound ligand (data not shown). In a few cases it was
possible to resolve ambiguities in the 1H assignment which
arose because of spectral overlap, by comparison with the
spectra of the other ILBP complex forms.
A large number of dominant daN (Fig. 1b) and daa connec-
tivities in the NOESY spectrum served as the first indica-
tion of the high content of antiparallel b sheet within the
protein. A survey of sequential short- and medium-range
NOE connectivities within the ILBP sequence (Fig. 2a)
further indicated the presence and location of regular sec-
ondary structure elements. Strong daN(i,i+1) connectivi-
ties, characteristic of b sheet, predominated throughout.
Strong dNN(i,i+1) and dab(i,i+3) as well as weaker
daN(i,i+3), dNN(i,i+2) and daN(i,i+4) connectivities were
used to identify two short regions with a-helical structure.
Moreover, the diagonal plot displaying the NOE connec-
tivities found between all residues of ILBP (Fig. 2b) indi-
cates the presence of two short helical structures as well as
nine antiparallel b-strand connecting patterns formed by a
total of ten b strands (Fig. 3). Except for b-strands D and
E, all sequentially neighboring b strands (including the 
C-terminal b-strand J and the N-terminal b-strand A)
display NOE connectivity patterns common to antiparallel
b sheet (Fig. 3): Gly4–Ile8 (b-strand A), Ile37–Gln42 
(b-strand B), Phe47–Gln52 (b-strand C), Ser58–Thr64
(b-strand D), Cys69–Glu72 (b-strand E), Lys78–Met85
(b-strand F), Val90–Asn93 (b-strand G), His98–Ile103 
(b-strand H), Leu108–Thr113 (b-strand I), and
Ser118–Lys125 (b-strand J). The adjacent b-strands B and
C, C and D, E and F, F and G, G and H, H and I, and I
and J are linked by short turns of four to five residues,
with a high percentage of glycine residues within these
turns (10 out of 30 amino acids). The b-sheet structure is
interrupted between b-strands D and E as judged both
from the NOE and hydrogen exchange data. Only a small
number (half a dozen) interstrand NOE contacts between
side-chain protons limit the size of the gap between these
two b-strands, which is a common feature to all LBP struc-
tures determined to date.
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Two short a helices were identified between residues
Asn13 and Leu21 (a-helix I) and Ser25 and Arg32 (a-helix
II). However, for residue Asn13 in a-helix I and residues
Ala31–Arg32 in a-helix II, the dab(i,i+3) connectivities are
less intense than would be expected for a typical a-helical
conformation, indicating a distortion of the helices at these
two end regions. The two a helices are joined by a turn 
of four residues. NOE connectivities (Table 2) between
protons from residues Tyr14, Met18 and Lys19 (a-helix I)
and Ile28, Ala31 and Arg32 (a-helix II) indicate that the
a helices are oriented nearly antiparallel to each other.
Residues Glu9–Lys12, which represent the link between
b-strand A and a-helix I, form a bulge-like extension of b-
strand A, whereas residues Asn33–Ile36, which represent
the link between a-helix II and b-strand B, display an
extended conformation that is not typical of any regular
secondary structure element.
Tertiary structure
A total of 3163 NOE distance constraints were derived from
the NOESY data and classified into three different upper
distance limit categories (0.25, 0.45 and 0.60 nm), corre-
sponding to strong, medium and weak cross peaks.
Together with 40 constraints derived from 20 hydrogen
bonds (see Fig. 3), these data were used as input for a dis-
tance geometry calculation with the DIANA program [46].
The program regarded 1018 of these distance constraints as
irrelevant, that is, they did not restrict the distance between
the two respective atoms. The remaining 2185 non-trivial
distance constraints consisted of 213 intraresidue, 630
sequential, 331 medium-range (2–4 residues apart), and
1011 long-range (five or more residues apart) distance
limits. A total of 100 initial conformations were calculated,
based on a variable target function. Using the redundant
dihedral angle constraint (REDAC) strategy [47], redun-
dant dihedral angle constraints were established through
four iteration cycles as feedback from the long-range dis-
tance limits. An ensemble of the 10 conformations with the
lowest overall violations (target function) of the experimen-
tal constraints and van der Waals contacts is shown in
Figure 4a. The average root mean square (rms) deviation
between the backbone conformations of these 10 best
structures, excluding the terminal residues, is 1.44±0.12 Å.
However, certain parts of the ILBP structure display a
greater deviation, either because of the lack of structurally
relevant NOE constraints, or a greater flexiblity within
these regions, or both. Interestingly, these less-defined
regions comprise a-helix II, the turn between b-strands C
and D, and the turn between b-strands E and F, that is, the
same regions for which 1H chemical shift heterogeneities
had been reported for H-FABP [36,45]. This might indicate
a certain degree of dynamic mobility or several different
stable conformations within these parts of the molecule.
The superposition of the ten best ILBP conformations
excluding the residues in the above-mentioned regions
shows a lower backbone rms deviation of 1.15 ± 0.10 Å.
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Figure 1
NOESY spectrum of apo-ILBP (1H frequency of 500 MHz, 20 mM
potassium phosphate in H2O with 10% 2H2O, T=37°C, pH=5.0),
mixing time 200 ms and 512 increments. (a) Contour plot of the entire
spectral region. The high degree of dispersion of the proton
resonances, which is due to the mainly b-sheet structure of ILBP,
facilitates the homonuclear 1H assignment. (b) Contour plot of part of
the fingerprint region. The NH-CaH cross peaks of several residues
within the b-sheet structure are labelled (long-range NOEs in italics).
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Table 1
Chemical shift values of all proton resonances assigned for recombinant porcine apo-ILBP.
Residue NH CaH CbH others Residue NH CaH CbH others
A1 n.a. n.a. n.a.
F2 8.16 4.18 2.98,2.93 CdH 7.35
CεH 7.27
CζH 7.87
T3 7.48 4.05 4.02 CgH 1.37
G4 8.87 3.95,3.88
K5 8.05 5.28 1.59,1.56 CgH 1.40,1.23
CdH 1.60,–
CεH 2.82,–
Y6 9.45 5.64 2.83,2.59 CdH 6.72
CεH 6.52
E7 9.23 5.24 1.98,– CgH 2.30,2.03
I8 7.76 4.31 1.84 CgH3 1.08
CgH2 1.79,1.25
CdH 0.95
E9 10.11 4.70 2.05,– CgH 2.24,2.17
S10 8.36 4.84 3.91,3.86
E11 8.39 5.40 2.35,2.22 CgH 2.40,2.37
K12 9.02 4.76 1.82,1.68 CgH 1.49,1.42
CdH 1.60,–
CεH 2.95,–
N13 9.11 4.75 3.66,3.21 NdH 7.89,7.05
Y14 8.46 3.89 3.11,2.98 CdH 7.00
CεH 6.72
D15 8.55 3.90 2.69,2.58
E16 8.61 3.90 1.98,– CgH 2.42,–
F17 7.89 3.97 3.08,2.95 CdH 6.87
CεH 7.16
CζH 7.25
M18 8.23 3.91 1.73,1.69 CgH 2.08,1.49
CεH 1.85
K19 7.69 4.00 1.85,- CgH 1.35,–
CdH 1.61,–
CεH 2.90,–
R20 7.70 4.13 1.88,1.86 CgH 1.92,1.67
CdH 3.26,3.23
NεH 7.39
L21 7.40 3.98 1.48,1.42 CgH 1.31
CdH 0.70,0.68
A22 7.74 3.94 1.36
L23 7.12 4.49 1.32,1.28 CgH 1.58
CdH 0.81,–
P24 4.49 2.40,– CgH 2.08,–
CdH 3.86,3.50
S25 8.64 3.97 3.92,–
D26 8.65 4.44 2.66,–
A27 7.30 4.12 1.46
I28 7.65 3.61 1.94 CgH3 0.89
CgH2 1.66,0.57
CdH 0.64
D29 8.21 4.54 2.80,2.75
K30 7.91 4.11 1.87,– CgH 1.59,1.51
CdH 1.65,–
CεH 2.97,–
A31 7.27 4.55 1.54
R32 7.17 3.50 1.93,1.78 CgH 1.46,–
CdH 3.39,3.21
NεH 7.82
N33 9.02 4.34 3.00,2.80 NdH 7.52,6.85
L34 7.50 4.37 1.75,1.24 CgH 1.57
CdH 1.02,0.89
K35 8.53 4.25 1.81,– CgH 1.50,1.38
CdH 1.70,–
CεH 3.02,–
I36 6.75 4.03 1.47 CgH3 0.60
CgH2 1.36,0.52
CdH 0.71
I37 8.25 5.24 1.92 CgH3 0.90
CgH2 1.63,1.38
CdH 0.87
S38 9.35 5.76 3.71,3.55 OgH 6.39
E39 9.28 5.14 1.82,– CgH 2.13,2.01
V40 9.16 4.61 1.96 CgH 0.42,-0.42
K41 9.02 4.55 1.83,1.70 CgH 1.30,1.27
CdH 1.63,–
CεH 2.91,–
Q42 8.16 4.37 1.87,1.84 CgH 2.21,–
NεH 7.41,6.90
D43 8.73 4.76 2.66,2.36
G44 8.80 4.02,3.61
Q45 8.93 4.49 2.04,– CgH 2.51,2.39
NεH 7.45,6.77
N46 8.09 5.36 3.00,2.84 NdH 7.60,6.84
F47 9.22 5.19 2.14,1.83 CdH 6.95
CεH 6.94
CζH 6.92
T48 8.68 4.83 3.97 CgH 1.18
W49 9.62 5.21 3.62,2.82 Cd1H 6.95
Nε1H 11.07
Cε3H 7.30
Cζ2H 7.31
Cζ3H 6.35
Cη2H 6.69
S50 9.65 5.97 3.94,3.89
Q51 9.14 5.10 2.25,– CgH 2.47,–
NεH 7.98,6.66
Q52 9.41 4.78 2.08,– CgH 2.30,2.25
NεH 7.26,6.71
Y53 8.68 4.76 3.04,3.01 CdH 7.12
CεH 6.77
P54 4.46 2.42,2.01 CgH 2.26,2.11
CdH 3.96,3.73
G55 8.85 4.24,3.82
G56 8.20 4.04,4.01
H57 7.88 4.82 3.11,3.06 Cd2H 6.94
Cε1H 8.35
S58 8.31 5.47 3.81,3.74
I59 8.82 4.35 1.90 CgH3 0.78
CgH2 1.52,1.09
CdH 0.85
T60 8.95 5.07 3.95 CgH 1.12
N61 8.98 5.35 2.78,2.58 NdH 8.10,7.80
T62 8.78 5.32 4.12 CgH 1.25
F63 8.60 5.36 3.13,3.08 CdH 6.68
CεH 6.53
CζH 6.43
T64 7.40 5.51 3.64 CgH 1.35
I65 8.85 3.76 2.21 CgH3 1.11
CgH2 2.01,1.76
CdH 0.82
G66 9.10 4.39,3.79
K67 7.78 4.80 1.94,1.90 CgH 1.45,1.38
CdH 1.77,1.74
CεH 3.09,–
E68 8.11 4.96 1.97,1.89 CgH 2.09,2.00
C69 9.18 5.25 3.58,2.69
D70 8.60 4.99 2.60,2.35
I71 8.89 4.23 1.38 CgH3 0.41
CgH2 1.14,0.90
CdH 0.31
E72 9.15 4.97 1.87,1.79 CgH 2.24,2.05
T73 8.46 4.62 4.21 CgH 0.84
I74 8.33 3.96 1.81 CgH3 0.94
CgH2 1.47,1.21
CdH 0.86
G75 8.35 4.00,3.70
G76 8.31 4.07,3.92
K77 6.86 4.17 1.73,1.50 CgH 1.28,1.20
CdH 1.54,–
CεH 2.88,–
K78 7.93 5.19 1.49,– CgH 1.26,1.11
CdH 1.55,–
CεH 2.86,–
Hence, the conformational flexibilities of a-helix I and a-
helix II could be significantly different, as discussed later.
The backbone fold of apo-ILBP (Fig. 4b), after energy
minimization and simulated annealing (Table 3), is very
similar to that of other members of the family of intra-
cellular LBPs. The ten antiparallel b strands are organized
into two nearly orthogonal b sheets that form a b-clam type
of structure with a gap between b-strands D and E, in the
hydrogen-bonding network. The two nearly antiparallel a
helices close off this circular b-sheet structure on one side.
There are several regions of the tertiary structure in which
side chains occupy nearly the same position in different
LBPs. For example, in ILBP the center of the four-residue
turn between b-strands F and G contains two glycine
residues (Gly87 and Gly88) followed by a lysine (Lys89).
This lysine is located opposite a glutamate residue (Glu102)
in the neighboring b-strand H. All of these residues are
identical in the sequence alignments of ILBP, M-FABP
(muscle FABP) and I-FABP, except for Gly88, which is
replaced by an asparagine in I-FABP. Interestingly, in
ILBP the spatial backbone arrangement of the lysine and
glutamate residues remains virtually unchanged (Fig. 5),
despite the presence of a four- and a six-residue gap, com-
pared with M-FABP and I-FABP, respectively, in b-strands
G and H of ILBP. Moreover, an invariant residue located at
the N-terminal end of ILBP, Phe2, shows several NOE
contacts to the turn region between b-strands F and G.
NOEs between the Phe2 ring protons and the backbone
protons Lys89 CaH, Val90 NH, Glu102 CaH and Ile103
NH indicate that the N-terminal end of the protein reaches
across the floor of the internal cavity of the b-clam struc-
ture, closing it off from the exterior. Phe2 lies in the center
of several highly conserved hydrophobic residues from dif-
ferent parts of the primary structure, whose side chains
create a hydrophobic cluster near the floor of the cavity.
This cluster is formed by Phe2 (N terminus), Tyr6 (b-
strand A), Val40 (b-strand B), Phe63 (b-strand D), Ile65
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All chemical shift values were obtained from homonuclear 2D 1H NMR
spectra recorded at 37°C and pH=5.0 in 20 mM potassium phosphate
buffer (solvent 90% H2O/ 10% 2H2O) and calibrated with sodium 3-
(trimethylsilyl)[2,2,3,3-2H4]propionate as external reference. All proton
resonances labelled n.a. were ‘not assigned’. In the case of
diastereotopic protons displaying degenerate chemical shift values, the
second proton resonance is indicated by a dash.
Table 1 (continued)
Chemical shift values of all proton resonances assigned for recombinant porcine apo-ILBP.
Residue NH CaH CbH others Residue NH CaH CbH others
F79 8.54 4.76 3.05,2.60 CdH 6.78
CεH 6.78
CζH 6.60
K80 8.45 4.84 1.76,1.70 CgH 1.37,–
CdH 1.68,1.56
CεH 2.96,–
A81 9.03 4.97 1.20
T82 8.64 4.85 4.13 CgH 1.13
V83 8.30 4.70 2.02 CgH 0.54,0.47
Q84 9.08 4.96 1.81,– CgH 2.34,2.17
NεH 7.36,6.79
M85 8.69 5.55 2.21,1.87 CgH 2.55,2.52
CεH 2.20
E86 8.99 4.64 1.95,1.84 CgH 2.14,–
G87 9.10 3.97,3.81
G88 8.74 4.17,4.00
K89 7.93 5.18 1.87,1.78 CgH 1.42,1.25
CdH 1.56,–
CεH 2.88,–
V90 8.99 4.26 1.60 CgH 0.39,0.30
V91 8.91 4.50 1.76 CgH 0.81,0.69
V92 9.21 4.40 1.96 CgH 0.66,0.39
N93 8.77 5.45 2.79,2.54 NdH 7.64,6.92
S94 8.50 5.09 4.22,3.99
P95 4.32 2.40,1.85 CgH 2.17,2.04
CdH 3.92,3.85
N96 8.23 4.91 2.93,2.56 NdH 7.43,6.86
Y97 7.34 4.58 2.17,2.10 CdH 6.57
CεH 6.52
H98 7.66 5.29 3.15,3.07 Cd2H 7.38
Cε1H 8.34
H99 8.57 5.63 2.76,2.45 Cd2H 6.18
Cε1H 7.53
Nε2H 7.18
T100 8.56 5.37 3.93 CgH 1.05
A101 8.53 5.32 1.32
E102 8.85 4.93 1.93,– CgH 2.20,2.13
I103 8.53 5.14 1.73 CgH3 0.66
CgH2 0.85,0.58
CdH 0.46
V104 9.13 4.20 1.87 CgH 0.85,0.77
D105 9.34 4.27 2.98,2.57
G106 8.03 4.16,3.54
K107 7.87 4.82 1.81,– CgH 1.50,–
CdH 1.66,–
CεH 2.96,–
L108 8.53 4.66 1.41,0.37 CgH 1.43
CdH 0.84,0.40
V109 9.55 4.66 2.04 CgH 0.94,0.79
E110 9.24 5.38 2.04,2.01 CgH 2.20,2.11
V111 8.18 4.86 1.90 CgH 0.72,–
S112 9.06 5.64 4.00,3.41
T113 9.43 5.66 3.72 CgH 0.98
V114 8.78 4.31 1.79 CgH 1.10,0.83
G115 9.05 3.92,3.76
G116 8.45 4.12,3.59
V117 8.07 4.30 2.27 CgH 1.00,0.98
S118 8.74 5.76 3.60,3.54
Y119 9.12 5.15 2.59,1.53 CdH 6.77
CεH 6.77
E120 9.13 5.13 1.91,1.88 CgH 2.03,–
R121 9.03 4.96 1.75,– CgH 1.59,–
CdH 3.09,2.91
NεH 7.20
V122 8.87 5.05 2.17 CgH 0.92,0.90
S123 9.57 5.37 3.75,3.73 OgH 7.19
K124 8.89 4.71 2.00,1.95 CgH 1.39,–
CdH 1.76,1.62
CεH 3.01,2.97
K125 9.11 4.20 1.87,– CgH 1.19,–
CdH 1.68,1.61
CεH 2.96,–
L126 9.10 4.36 1.39,1.36 CgH 1.48
CdH 0.92,0.85
A127 7.85 4.05 1.29
(turn between b-strands D and E), Val90 (b-strand G),
Ile103 (b-strand H) and Leu108 (b-strand I) in ILBP, corre-
sponding to Phe2, Trp6, Ile40, Phe62, Leu64, Leu89,
Ile108 and Leu113 in rat I-FABP, and to Phe4, Trp8, Ile42,
Phe64, Leu66, Leu91, Leu108 and Leu113 in human
M-FABP. The hydrophobic side chains for these residues
are highlighted in a superposition of ILBP, I-FABP and M-
FABP (Fig. 5).
It was previously proposed [4] that the shortened b-strands
(G and H) found only in ILBP and L-FABP produce a
wider opening while preserving the essential b-clam motif.
The present NMR results support this hypothesis (Figs
3,4b). The b-strands G and H are shorter in ILBP than in
other FABP proteins, yet the overall protein conformation
is not further influenced by this structural change. Should
this opening in the b sheet of ILBP prove to be the entry
portal for the bulky, more rigid, bile acid ligand, then it is
distant from the proposed entry portal for fatty acid ligands
in the FABPs [30,48], as indicated in Figure 4b.
Ligand binding
Little information is available on the binding affinities of
ILBP for lipids. An earlier 13C NMR study on the ligand
binding of ILBP [39] showed that the carboxyl group, of
both fatty acids and bile acids, is ionizable when bound to
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Figure 2
Determination of the secondary structure elements of apo-ILBP from
the NOE connectivity data. (a) Amino acid sequence and a survey of
the short-range and medium-range NOE connectivities used to
establish the sequence-specific 1H NMR assignment and to identify
elements of regular secondary structure in ILBP. Differences in the
NOE intensities of the sequential daN (indicating b-strand structures),
dNN (indicating helical and turn structures) and dbN connectivities are
represented by block height. The dNN(i,i+2), daN(i,i+3) and dab(i,i+3)
NOE connectivities, which are characteristic for segments of a-helical
structure, are displayed by lines that start and end at the positions of
the interacting residues. All residues with backbone amide protons that
show a reduced exchange rate in 2H2O solution because of hydrogen
bonds within the b sheet are marked by an asterisk in the second row
from the top. All residues with at least one proton resonance shifted by
0.03 ppm or more upon fatty acid binding are marked by an open
circle in the third row from the top. (b) Diagonal plot presenting the
NOE connectivities between all residues of ILBP. Helical structures
are indicated by connectivity patterns parallel and adjacent to the
diagonal, whereas antiparallel b-sheet structures are represented by
connectivity patterns orthogonal to the diagonal. Accordingly, the two
short a-helical segments, shown in (a), can also be observed in this
diagonal plot. In addition, nine connectivity patterns, representing
antiparallel b-sheet structures formed by 10 b strands, are apparent.
Table 2
Pairs of protons that show NOE connectivities between
residues in a-helix I and a-helix II in the NOESY spectra of
recombinant porcine ILBP.
Residue Proton(s) Residue Proton(s)
Try14 CdH, CeH Ile28 CbH,CgH3,CdH
Try14 CdH, CeH Ala31 CaH,CbH
Try14 CdH, CeH Arg32 CaH,CdH,NeH
Met18 CgH Ile28 CgH2,CdH
Met18 CeH Ile28 NH,CaH,CdH
Met18 CeH Arg32 NH
Lys19 NH Ile28 CgH2,CgH3,CdH
ILBP. The study also showed that bile acid blocked the
binding of fatty acid to ILBP [39]. However, fatty acid
binding to ILBP is relatively weak (Kd~36µM for oleate)
compared with that to other FABPs, as reported in another
study using titration calorimetry [43].
As mentioned above, the sequential 1H assignments have
also been completed for ILBP complexed with fatty acid
and with chenodeoxycholic acid, and the secondary struc-
ture elements and long-range NOE information were
essentially the same for both the fatty acid and the bile acid
complex as for apo-ILBP. However, some significant
changes in the chemical shift values of the protein 1H reso-
nances were observed for the different ILBP complex
forms.
For non-delipidated E.coli derived porcine ILBP, which
contains a heterogeneous pool of bound fatty acids from
E. coli, most of the proton resonance frequencies (83%)
are identical to those of the delipidated protein. Figure 2a
indicates all residues, for which at least one proton
resonance shows a difference between non-delipidated
and apo-ILBP of 0.03 ppm or more in the chemical shift.
The relatively few proton resonances affected by fatty
acid binding (17%) are distributed over about one third of
all residues in ILBP. For the backbone protons (Fig. 6a),
the largest differences in the chemical shift values (up to
1.42 ppm) occurs in amino acids located in b-strands C,
D, E and F, with slightly weaker effects for residues in
b-strands G and H. Most of the differences in the
chemical shift values of side-chain proton resonances are
observed for side chains located within the interior of the
protein, between the two b sheets (Fig. 6b). These
observations provide indirect evidence that the fatty acid
is bound in the interior of the protein structure, as
concluded for other members of the LBP family.
Research Article Ileal lipid binding protein Lücke et al.    791
Figure 3
Schematic representation of the antiparallel b-
sheet structure in ILBP. Only the backbone
atoms and sequence numbers of the amino
acid residues are shown. Arrows indicate
experimentally observed long-range NOE
connectivities between backbone protons of
b-strands A–J. The b strands are sequentially
aligned within the b sheet, with the C-terminal
b-strand J connected to the N-terminal b-
strand A. There is only one interruption in this
hydrogen-bonding network, the so-called gap
between b-strands D and E. All backbone
amide protons that exchange slowly in 2H2O
solution because of hydrogen bonding are in
brackets. In the ILBP–chenodeoxycholic acid
complex, three NOEs (Ala81 CaH–Ser94
CaH; Thr82 NH–Ser94 CaH; Thr82
NH–Asn93 NH) are absent from the b sheet,
indicating the loss of two hydrogen bonds
between b-strands F and G.
For ILBP incubated with chenodeoxycholic acid, the
differences in the chemical shift values, when compared
with the apo-protein, are on average larger and occur in a
greater number of residues than those observed for the
fatty acid complex. Moreover, the absence of three
NOEs (Ala81 CaH–Ser94 CaH; Thr82 NH–Ser94 CaH;
Thr82 NH–Asn93 NH) between b-strands F and G indi-
cates the loss of two hydrogen bonds between residues
Thr82 and Asn93 in the holo-protein compared with the
apo-form (Fig. 3). Nearly all residues in the ILBP
sequence (125 out of 127) show a change in the chemical
shift value of 0.03 ppm or more for at least one proton
resonance upon binding of the bile acid. This is illus-
trated in Figure 7a for the backbone proton resonances.
The percentage of chemical shift differences greater than
0.2 ppm is also significantly higher (14%) than in the case
of fatty acid binding (ca. 1%). The greater influence of
bile acid binding on the proton resonances of ILBP may
be due to the bulkier and more rigid structure of cheno-
deoxycholic acid.
Several proton signals belonging to the bile acid were
identified in the 1D and 2D NMR spectra of the
ILBP–chenodeoxycholic acid complex. Some of these
ligand 1H resonances are shifted far upfield (i.e. to
0.39 ppm, 0.22 ppm, 0.14 ppm, –0.04 ppm, –0.06 ppm and
–0.56 ppm) compared with the respective chemical shift
values of the bile acid in aqueous buffer. These shifts
suggest direct contacts with aromatic residues of the
protein such as Trp49; the indole NH resonance of Trp49
is shifted significantly downfield (∆=0.4ppm) upon bile
acid binding. Other aromatic residues that appear to be in
direct contact with the bile acid ligand are Phe79, whose
Cδ and Cε proton resonances are shifted by approximately
0.3 ppm each, and Tyr97, whose ring proton resonances
are shifted by approximately 0.15 ppm each. By compar-
ing the side chain 1H resonances of all 127 amino acid
residues, the largest differences in the chemical shift
values between apo-ILBP and the ILBP–chenodeoxy-
cholic acid complex were shown to occur predominantly
for protons located in the center section of the protein
interior (Figs 7b,c). These protons include those of the
three above-mentioned aromatic residues, Trp49, Phe79
and Tyr97. Taken together, these data place the bound
bile acid within the interior of the protein, between the
two b sheets.
Two different modes of bile acid binding to ILBP can be
envisioned from the NMR results presented here. First, if
the bile acid ligand binds to ILBP in a manner compara-
ble with fatty acid binding in the FABPs, the carboxyl
group of the bile acid would probably hydrogen bond to
residues Arg126 (NεH and one NηH) and Tyr128 (OηH),
as in M-FABP [30], or to residues Trp82 (NεH) and
Arg106 (both NηHs), as in I-FABP [48,49]. The absence
of both Trp82 and the highly conserved Arg106 in ILBP
exclude a binding conformation as seen in rat I-FABP. In
place of the highly conserved residues Arg126 and
Tyr128 of M-FABP, Arg121 and Ser123 are present in
ILBP and represent reasonable side chains for binding
interactions with the carboxyl group of chenodeoxycholic
acid. (The same arguments would apply to the amino acid
sequence of the other LBP family member that binds bile
acids, rat L-FABP [50].) Although significant shifts in the
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Figure 4
The tertiary structure of apo-ILBP derived
from distance geometry calculation. (The a
helices and b strands are colored green and
red, respectively, and all other structural
elements are shown in blue.) (a) The Ca
traces of the 10 best DIANA structures from
the fourth and final REDAC [47] cycle are
superimposed. The average rms deviation
between the backbone conformations of
these ten structures, without the terminal
residues, is 1.44±0.12 Å. The less well-
defined regions are a-helix II, the turn
between b-strands C and D, and the turn
between b-strands E and F. (b) A ribbon
drawing showing the DIANA structure with
the least violations of the NOE distance
constraints (lowest target function) after
energy minimization and simulated annealing.
Ten antiparallel b strands (A–J), which are
arranged in two almost orthogonal b sheets,
form a b-clam structure with two short a
helices closing the b-sheet structure on one
side. The hydrogen-bonding network within
the b sheet is continuous, except for a gap
between b-strands D and E. The proposed
entry sites for fatty acids in the analogous
FABP structures and for bile acids in ILBP
are indicated by arrows marked FA and BA,
respectively. (The figure was produced with
MOLSCRIPT [60].)
proton resonances of the Arg121 side chain (∆=0.46ppm
for NεH) and the Ser123 side chain (∆=0.48ppm for OγH)
upon binding of chenodeoxycholic acid to ILBP support
this hypothesis, NOE signals between the bile acid ligand 
and the amino acid residues in the immediate vicinity of
Arg121 and Ser123 were not observed.
Intermolecular NOE contacts between ILBP and ligand 
in the NOESY spectrum of the chenodeoxycholic acid
complex support a different mode of binding. Based on 
the scalar coupling patterns in the total correlation
spectroscopy (TOCSY) spectra, the bile acid proton
resonances showing intermolecular NOE contacts to the
protein have been tentatively assigned to the C-terminal
end of the bile acid molecule. Specifically, the methyl
protons on C21  and one of the methylene protons on C22
of chenodeoxycholic acid show NOE contacts to the
aromatic ring protons of Phe79 and Tyr97. These
aromatic ring protons, however, are located more than 10
Å away from the Arg121 and Ser123 side chains. There-
fore, the NOE data of the ILBP–chenodeoxycholic acid
complex favors an orientation of the bile acid inside the
protein cavity with the carboxyl group near the proposed
entry portal for the bile acid and the steroid ring moiety
penetrating deeper inside. This orientation would cause
significant changes in the proton chemical shift values of
those amino acid side chains located in the central portion
of the protein interior, including Arg121 and Ser123. In
addition, such a solvent-accessible location of the car-
boxyl group of the bound bile acid would be consistent
with its pH-dependent ionization behavior, as deter-
mined by Sacchettini et al. [39].
The binding capacity of ILBP for bile acids is not clear,
as different binding stoichiometries between ILBP and
bile acid ligands have been reported. The above-men-
tioned 13C NMR study with chenodeoxycholate indi-
cated a 1:1 binding stoichiometry [39], whereas the more
recent titration calorimetry study with glycine derivatives
of cholate and chenodeoxycholate suggested that two bile
acid molecules are bound by a single ILBP molecule [43].
In order to resolve the ILBP–ligand binding interactions
in more detail, further studies with isotope-labelled
ligand molecules are in progress.
Hydrogen exchange studies
To date, all studies focussing on the tertiary structures of
FABP molecules have been performed by X-ray crystal-
lography, except for an NMR study of H-FABP [35,36].
Therefore, very few dynamic features of the b-clam
structural motif have been reported. For bovine H-FABP,
resonance signals of backbone amide protons involved in
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Figure 5
A superposition of ILBP with the crystal structures of I-FABP and
M-FABP, viewed through the b-clam shell from below. The backbone
of residues comprising the turn between b-strands F and G is in red.
Also highlighted are the hydrophobic side chains near the floor of the
internal cavity of the b-clam structure (Phe2, Tyr6, Val40, Phe63, Ile65,
Val90, Ile103 and Leu108). Despite different sequence homologies,
the 3D conformation at the floor of the cavity appears to be strongly
conserved in the FABP molecules.
Table 3
Structural statistics for the five best apo-ILBP structures after
energy minimization and simulated annealing.*
Number of atoms
Total 1976
Hydrogen 986
Non-hydrogen 990
Number of distance constraints
Total 2185
Intraresidue 213
Sequential (|i–j|=1) 630
Medium-range (1<|i–j|<5) 331
Long-range (|i–j|≥5) 1011
Hydrogen bonds 40
Number of residual constraint violations
Above 0.5 Å 0.0±0.0
Between 0.5 Å and 0.4 Å 1.0±0.6
Between 0.4 Å and 0.3 Å 1.8±1.3
Between 0.3 Å and 0.2 Å 7.2±1.9
Energies (kcal mol–1)
Etotal –75.8±19.6
Ebond 38.6±0.6
Eangle 250.0±1.7
Etorsion 273.1±2.7
EvdW –827.5±19.0
Cartesian coordinate rms deviation (Å)
Residues 2–126 1.65±0.18
Residues 2–22, 36–52, 58–72 and 78–126 1.35±0.13
*Statistics represent the ensemble of the five final structures.
the hydrogen bonding within the b sheet were observable
in perdeuterated buffer (pH=5.5 uncorrected reading)
after four days at 37°C as well as after an additional nine
months at 4°C [45]. In the case of ILBP, however, we
found that all amide proton resonance signals disappeared
in perdeuterated solution after only four to six hours 
at 37°C.
A series of 1D 1H NMR spectra of non-delipidated ILBP
was recorded to follow the time-dependent loss of the
NH resonances as H-to-D exchange proceeded (Fig. 8).
After 30 minutes at 37°C the slow exchanging backbone
amide protons designated in Figure 3 were still observ-
able in perdeuterated buffer. However, after four hours at
37°C all amide protons had exchanged almost com-
pletely. (When this experiment was repeated with apo-
ILBP, the proton exchange rates appeared to be even
faster than for non-delipidated ILBP, as the amide proton
resonance signals of the apo-protein were only barely
visible after 30 minutes at 37°C.) The ILBP–chen-
odeoxycholic acid complex (Fig. 8) required about two
days at 37°C for all the amide proton resonance signals to
disappear completely in the perdeuterated solution. This
indicates significantly reduced rates of exchange for the
backbone amide protons within the b sheet, and suggests
that ligand binding stabilizes the hydrogen-bonding
network of the b-sheet structure in ILBP. This effect
could be due either to reduced solvent access to the inte-
rior of the protein in the bile acid complex, or to an
increased stability of the protein structure as a result of
intermolecular interactions with the ligand molecule.
Wishart et al. [51] have presented a hypothesis correlating
the CaH chemical shift values in a protein with backbone
flexibility. The Ca proton of an amino acid residue
located within an a-helix or b-strand structure is usually
shifted upfield or downfield, respectively, from the
chemical shift value typical for a random coil conforma-
tion. The magnitude of this CaH shift is correlated posi-
tively with the stability of the secondary structure. In
Figure 9, the CaH chemical shift differences are summed
for the residues of each secondary structure element of
ILBP (b-strands A–J and a-helices I–II) for both the apo-
protein and the bile acid complex. In the ILBP–chen-
odeoxycholic acid complex, the sums of the CaH
chemical shift differences are slightly larger for almost
every secondary structure element when compared with
apo-ILBP, indicating an overall higher stability of the bile
acid complex. Only b-strand F shows a distinctly inverse
relationship. However, a greater flexibility in the b-strand
F of the ILBP–chenodeoxycholic acid complex is consis-
tent with the above-mentioned loss of two hydrogen
bonds in the hydrogen-bonding network between
b-strands F and G upon bile acid binding.
794 Structure 1996, Vol 4 No 7
Figure 6
Changes in ILBP upon fatty acid binding. (a) Histogram showing
changes in the chemical shift values of the backbone NH and CaH
resonances of ILBP as a result of fatty acid binding. The largest
differences in the ppm values of the backbone protons of non-
delipidated ILBP compared with apo-ILBP occur in the region between
residues 61–101, which corresponds to b-strands D–H. The largest
overall shift upon fatty acid binding (D=1.42 ppm) is observed for the
backbone amide proton of Thr64. The backbone protons in b-strands
A, B, I and J, as well as in the a helices and turns, appear to be
completely unaffected by the ligand-binding process. (b) The ILBP
side chains and regions of the backbone that are influenced by fatty
acid binding. All residues whose backbone and/or side-chain protons
are shifted by 0.10 ppm or more between the apo- and the holo-
protein are highlighted in color. If a single backbone or side-chain
proton of a particular residue is shifted by 0.10–0.19 ppm upon fatty
acid binding, the corresponding portion of that residue is colored in
yellow. Shifts of 0.20–0.29 ppm are indicated by orange coloring, and
shifts of 0.30 ppm or more are indicated by red coloring. (Shifts below
0.10 ppm have not been considered in this representation.) The
arrangement of these more highly perturbed residues shows that the
protein–ligand interactions are strongest near the gap region of the
protein, as already indicated in (a), and furthermore that the ligand
appears to be located in the interior of the protein. (The figure was
produced with GRASP [61].)
In the case of the a helices, we considered only those
residues displaying regular a-helical structure. Asn13,
Ala31 and Arg32 were therefore excluded for the reasons
mentioned earlier. As seen in Figure 9, a-helix II displays
a much lower value than a-helix I for the sum of the CaH
chemical shift differences. Comparing the chemical shift
differences per residue in apo-ILBP, the value for a-helix
I (–0.41 ppm) is almost twice as large as that for a-helix 
II (–0.23 ppm). About the same ratio is found in the
ILBP–chenodeoxycholic acid complex (–0.44 ppm and
–0.24 ppm). This indicates a higher conformational flexi-
bility for a-helix II, which has already been suggested for
different FABPs on the basis of both NMR and crystal
structure data [45,49,52], as well as for ILBP itself in a pre-
vious section of this paper. An increased conformational
flexibility of a-helix II throughout the LBP family is pos-
sibly also reflected in the greater variability of the primary
structure of a-helix II compared with the much more con-
served sequence of a-helix I. Such a difference in the
dynamic behaviour of the two a helices may be correlated
with ligand binding, as a-helix II is located adjacent to the
proposed entry portal for fatty acids in the FABPs (see
Fig. 4b) [30,48].
The distinctly different exchange behavior of H-FABP
[45] compared with ILBP indicates possible differences in
the stability of the hydrogen-bonding network that forms
the b-clam structure of the LBP family members. There-
fore, a hydrogen-exchange study analogous to that for
ILBP was performed with rat I-FABP in both the holo- and
apo-form. Proton-exchange rates in perdeuterated buffer
were significantly slower for I-FABP than for ILBP. For
non-delipidated I-FABP (Fig. 8), the slow exchanging
amide proton resonance signals were still clearly observable
after 18 h at 37°C as well as after an additional five months
at 4°C. Both in the non-delipidated I-FABP sample and in
an identically treated sample of delipidated I-FABP, the
amide proton exchange was still not complete after nine
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Figure 7
Changes in ILBP upon bile acid binding. (a)
Histogram showing changes in the chemical
shift values of the backbone NH and CaH
resonances of ILBP resulting from the binding
of chenodeoxycholic acid. Compared with the
effect of fatty acid binding, displayed in Figure
6a, binding of the bulky, more rigid
chenodeoxycholic acid influences the
chemical shift values of the backbone proton
resonances of almost the entire protein.
However, again very dominant changes are
observed in b-strands E–G. (b) The ILBP
backbone and side chains that are influenced
by the binding of chenodeoxycholic acid.
Highlighted are all residues whose side chain
protons are shifted by 0.30 ppm or more
between the apo- and the holo-protein. If a
single side-chain proton of a particular residue
is shifted by 0.30–0.39 ppm upon bile acid
binding, the entire side-chain is colored in
yellow. Shifts of 0.40–0.49 ppm are in
orange, and shifts of 0.50 ppm or more are in
red. (Shifts below 0.30 ppm have not been
considered in this representation.) The most
strongly perturbed side chains appear to be
located in the center section of the protein
interior, spanning from Phe79 and Tyr97 at
the proposed bile acid entry site (left) all the
way to Arg121 and Ser123 on the other side
of the cavity (right). (The figure was produced
with GRASP [61].) (c) This representation
shows the same arrangement as (b), viewed
from the side. The colour scheme is as in (b).
All side-chain protons that are strongly
perturbed upon binding of chenodeoxycholic
acid are located inside the protein molecule,
between the two b sheets, which is
consistent with binding of the bile acid ligand
in the interior of ILBP. (The figure was
produced with GRASP [61].)
months at 4°C, as with H-FABP. The hydrogen-bonding
network of the b sheet in I-FABP (and H-FABP) thus
appears to be significantly less labile than that of ILBP.
Muga et al. [53] reported a similar difference in the hydro-
gen exchange within the b sheet from a comparison of the
apo-forms of I-FABP and L-FABP using Fourier transform
infrared (FT-IR) spectroscopy. The authors observed that
fewer amide protons appeared to be exchanged in I-FABP
than in L-FABP and proposed a difference in the H-to-D
exchange ability of the peptide groups in the two proteins.
Interestingly, the only two FABP members to which bile
acids bind (ILBP and L-FABP) both show a reduced 
stability of the hydrogen-bonding network in the b sheet
compared with FABPs that solely bind fatty acids. A possi-
ble explanation for this property is that the less stable
b sheet gives rise to a greater flexibility in the b-clam
structure to allow incorporation of bulky ligands such 
as bile acids.
A comparison of the amide proton chemical shift values was
performed for ILBP, H-FABP and I-FABP, following a
method for the determination of hydrogen bond distances
from NH chemical shift values, reported by Wishart et al.
[51]. (Partially re-affirming earlier results by Pardi et al. [54],
Wishart et al. described an inverse relationship between the
chemical shift difference of a given NH resonance from its
random coil value and the hydrogen-to-oxygen distance in
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Figure 8
1D 1H spectra of non-delipidated ILBP, ILBP complexed with
chenodeoxycholic acid, and non-delipidated I-FABP (1H frequency
500 MHz, 20 mM potassium phosphate buffer, T=37°C). Only the
resonance regions of the aromatic and amide protons are displayed.
Panels A, B and C show, respectively, the spectrum of non-delipidated
ILBP in 90% H2O / 10% 2H2O, in 2H2O after 30 minutes at 37°C and
in 2H2O after four hours at 37°C. At this point the proton resonances
of the backbone amide protons have almost completely exchanged
with the perdeuterated solvent. Panels A′, B′ and C′ show,
respectively, the spectrum of ILBP complexed with chenodeoxycholic
acid in 90% H2O / 10% 2H2O, in 2H2O after four hours at 37°C and in
2H2O after 25 h at 37°C. This decrease in the proton exchange rates
compared with non-delipidated ILBP (a) indicates a stabilizing effect of
the bound bile acid ligand on the hydrogen-bonding network of the
b-sheet structure in ILBP. Panels A′′, B′′ and C′′ show, respectively,
the spectrum of non-delipidated I-FABP in 90% H2O / 10% 2H2O, in
2H2O after 18 h at 37°C and in 2H2O after four months of storage at
4°C. (Most of the amide proton resonances observed in Panel C′′ are
still visible five months later.) These significantly slower proton
exchange rates in I-FABP compared with ILBP indicate a higher
stability of the hydrogen-bonding network of the b-sheet structure in 
I-FABP.
the corresponding hydrogen bond. Accordingly, the larger
the difference of the NH chemical shift from the typical
random coil value, the shorter the hydrogen bond.) Figure
10 compares the amide proton shift differences for apo-
ILBP, the ILBP–chenodeoxycholic acid complex, H-FABP
and I-FABP. In each case, the chemical shift values of
amide protons within the central portions of b-strands A–J
(excluding the amide protons at the far ends of each
b strand) were evaluated. The difference of each NH
chemical shift from the typical random coil value was classi-
fied into several categories ranging from 0.0–0.25 ppm (i.e.
long hydrogen bond) up to >1.75 ppm (i.e. short hydrogen
bond). For apo-ILBP an almost symmetrical gaussian distri-
bution with a maximum at 0.75–1.0 ppm was observed. For
the ILBP–chenodeoxycholic acid complex the distribution
is shifted slightly, to a maximum at 0.5–0.75 ppm, but a few
amide protons with significantly large difference values
(>1.75 ppm) were detected. It therefore appears that the
bulk of the hydrogen bonds in the b sheet display a
common geometry in both ILBP forms, even though a
small number of short hydrogen bonds occur in the
ILBP–chenodeoxycholic acid complex. In H-FABP, two
maxima are observed, at 0.5–0.75 ppm and at 1.25–1.5 ppm.
The first, slightly larger maximum coincides with the bulk
of the hydrogen bonds in both ILBP forms. The second
maximum, however, represents an increased number of
short hydrogen bonds, which possibly give the b-sheet
structure of H-FABP the additional stability in comparison
with ILBP.
A recent publication of the almost complete sequential
assignment of rat I-FABP [55] has made it possible to
compare the amide proton resonances of I-FABP with
those of ILBP and H-FABP. Based on the hydrogen-
exchange results with rat I-FABP (Fig. 8c), it can be
expected that I-FABP contains an increased number of
short hydrogen bonds, which stabilize the b-sheet struc-
ture, analogous to H-FABP. However, unlike H-FABP,
the distribution of the NH chemical shift differences in I-
FABP features only a single, broad maximum between
0.75–1.25 ppm (Fig. 10, dashed curve). Nevertheless, the
greater number of amide protons in I-FABP with chemi-
cal shift differences above 1.00 ppm could suggest a
stronger hydrogen-bonding network for I-FABP com-
pared with that of ILBP. (Unpublished NMR results from
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Figure 10
Histogram comparing the chemical shift
values of the amide protons involved in
hydrogen bonding within the b-sheet
structures of apo-ILBP (light bars),
ILBP–chenodeoxycholic acid complex (dark
bars), H-FABP (solid curve) and I-FABP
(dashed curve). Large chemical shift
differences correspond to short hydrogen
bonds. The bulk of the amide protons in both
ILBP forms show chemical shift differences
between 0.5–1.0 ppm. In the case of H-FABP
a second population of amide protons at
higher difference values (>1.25 ppm)
appears, indicating a large number of short
hydrogen bonds that could explain the greater
stability of H-FABP compared with ILBP.
Finally, in the case of I-FABP a single, broad
maximum is observed, which again is located
at higher difference values than for ILBP.
Apparently, both H-FABP and I-FABP display
a more stable b-sheet structure than ILBP, as
suggested by the results of the hydrogen
exchange experiments.
Figure 9
Histogram comparing the CaH chemical shift values of apo-ILBP (light
bars) and the ILBP–chenodeoxycholic acid complex (dark bars) for
each secondary structure element in the protein. The differences in
CaH chemical shifts from the typical random coil values were summed
over all residues within a regular secondary structure element and are
represented by the respective bar heights. Larger differences indicate
a greater stability of the backbone. This difference is positive in the
case of b-sheet structure (b-strands A–J) and negative in the case of
helical structure (a-helices I and II). In most cases, the bars
representing the bile acid complex are slightly higher than the
corresponding bars for the apo-protein, indicating an overall greater
stability for the ILBP structure of the chenodeoxycholic acid complex.
our laboratory also demonstrate the presence of a large
population of amide protons with chemical shift differ-
ences above 1.00 ppm for human I-FABP.)
Biological implications
Very little is known about intracellular trafficking of bile
acids. Approximately 90–95% of the bile acids that pass
through the small intestine are reabsorbed via both
active and passive transport mechanisms as part of the
enterohepatic circulation. In humans, the primary bile
acids are cholic acid and chenodeoxycholic acid. These
bile acids are conjugated in the liver with glycine or
taurine to form N-acyl conjugates and are subsequently
secreted into the bile. They then traverse the proximal to
distal axis of the small bowel and are either reabsorbed
without modification or deconjugated by bacterial
enzymes in the ileum prior to reabsorption. Although
the proteins involved in these steps, including cytosolic
carriers of bile acids, are mostly unidentified, they are 
of special pharmacological interest as cholesterol is 
converted to bile acids in the liver.
ILBP (ileal lipid binding protein) is present in the cyto-
plasm of ileal enterocytes. Even though it is known to
bind both fatty acids and bile acids, the biological signifi-
cance of these interactions is not fully understood. The
present results show that porcine ILBP has a secondary
and tertiary structure analogous to those of other
members of the family of LBPs (lipid binding proteins).
The fold of these proteins seems to be a general struc-
tural motif that accommodates a variety of different
amphiphilic ligands, such as fatty acids, bile acids or
retinoids, within a closed b-sheet structure called a
b clam. NMR results from homonuclear total correla-
tion spectroscopy (TOCSY) and nuclear Overhauser
effect  spectroscopy (NOESY) spectra show that in the
holo-protein the fatty acid or bile acid ligand is located in
the interior of the protein molecule. The ability of ILBP
to accommodate bile acids may be related to a less stable
hydrogen-bonding network of its b-sheet structure com-
pared with fatty acid binding proteins (FABPs) from
heart or intestine, which bind only fatty acids. In addi-
tion, a gap of 4–6 residues in the sequence alignment of
ILBP with other FABPs appears to produce a second,
wider entry portal for the bile acid ligands.
Materials and methods
Expression and purification of porcine ILBP from E. coli
The method for preparation of recombinant porcine ILBP has been
previously published by Sacchettini et al. [39]. In the present work
this scheme was modified in order to increase the yield of purified
protein. The cDNA of ILBP was transferred from a pMON5840
plasmid into a pET-3d vector. The pMON5840 plasmid containing
the cDNA of ILBP was isolated from the E. coli strain MG1655 by
cell lysis using alkali [56]. The ILBP cDNA was cut from the plasmid
at its unique NcoI and HindIII restriction sites using the correspond-
ing restriction endonucleases (Boehringer Mannheim), purified using
an agarose gel, and then ligated with the pET-3d vector (Novagen)
using T4 DNA ligase (Boehringer Mannheim). The vector was trans-
formed into competent cells of the E. coli strain BL21(DE3) from
Novagen. Expression of ILBP was induced in the transformed cells
during cell growth in LB medium at 37°C by addition of isopropyl b-D-
thiogalactopyranoside (Sigma) to a final concentration of 0.4 mM.
The first purification steps — consisting of cell lysis by French press
(1500 p.s.i.), protamine sulfate precipitation of DNA (final concentra-
tion of 14.4 g l–1), two steps of ammonium sulfate precipitation of pro-
teins (30% and 60% saturation) and removal of excess salt by dialysis
— were identical to those used by Sacchettini et al. [39]. Following the
dialysis step, the protein sample was applied to a Q-Sepharose column
(Pharmacia) that was equilibrated with Tris buffer (20 mM Tris, 1 mM
EDTA, 0.05% NaN3, pH=8.0) at 4°C using a flow rate of 200 ml h–1.
The fractions were analyzed by SDS-polyacrylamide gel electrophore-
sis [57]. All fractions containing an approx. 15 kDa band were com-
bined and concentrated, first using a Stir Cell 2000 with YM3
membrane (Amicon) and then Centriprep-10 centrifugal concentrators
(Amicon). As a final purification step, gel filtration chromatography was
performed with a G-75 Superdex column (Pharmacia). Using a FPLC
system (Pharmacia) the protein sample was applied and eluted with
phosphate buffer (20 mM K2HPO4, 0.05% NaN3, pH=8.0) at a flow
rate of 1 ml min–1.
The fatty acid population bound to the isolated recombinant protein
was quantitatively analyzed using HPLC. Of the total fatty acid content
in non-delipidated ILBP, the following fatty acid percentages were
determined: 30% 16:0, 27% 18:0, 17% 18:1, 14% 16:1, 7% 14:0
and 5% of a mixture of 20:0, 12:0 and others.
In order to obtain apo-ILBP, the endogenous fatty acids were removed
from the recombinant protein using a gentle delipidation procedure
described by Glatz and Veerkamp [58]. This was accomplished by
passing the protein through a lipophilic resin, hydroxyalkoxypropyl
dextran Type VI (Sigma), at 37°C in phosphate buffer (20 mM K2HPO4,
0.05% NaN3, pH=8.0) with a flow rate of 0.5 ml min–1.
The ILBP–bile acid complex was obtained by incubating apo-ILBP with
a tenfold molar excess of chenodeoxycholic acid (Fluka) at 37°C for
1 h and subsequent buffer exchange using Centricon-10 centrifugal
concentrators (Amicon) to remove unbound ligand.
The recombinant rat I-FABP was prepared as previously described [27]
and delipidated as outlined above for ILBP.
NMR experiments and analysis
All NMR measurements with ILBP were performed at 37°C using a
3–4 mM concentration of purified protein in a buffer solution consisting
of 20 mM KH2PO4, 0.05% NaN3 and 10% 2H2O (pH=5.0). The NMR
data was collected at the Department of Biophysics at Boston University
School of Medicine on an AMX500 spectrometer with an Aspect Station
computer using a 5mm inverse triple-resonance probe (Bruker
Instruments). The TOCSY and NOESY spectra were recorded in a
phase-sensitive mode with time-proportional phase incrementation of the
initial pulse. Quadrature detection was used in both dimensions with the
carrier placed in the center of the spectrum on the water resonance. The
TOCSY and NOESY data sets were acquired with 2048 and 512 data
points in t2 and t1 respectively. The spectral width was set to 7042 Hz.
The mixing time used for the NOESY spectra was 200 ms; the spinlock
times for the TOCSY spectra (clean MLEV-17) were set either to 3 ms,
to obtain COSY-type information with less spectral overlap, or to 80 ms.
The water signal was suppressed by selective presaturation during the
relaxation delay. In the NOESY experiments, water saturation was also
applied during the mixing time. Prior to Fourier transformation, the free
induction decays were zero-filled in both dimensions to obtain a
2048 × 2048 real data matrix and multiplied by phase-shifted sine bell
and squared sine bell functions in t1 and t2, respectively. Base-line dis-
tortions were eliminated using a base-line correction with fifth-order
polynomial. The spectra were measured with respect to sodium
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3-(trimethylsilyl)[2,2,3,3-2H4]propionate (Cambridge Isotope Laborato-
ries) as external reference.
The 1D 1H-NMR experiments were performed with quadrature detec-
tion and selective presaturation to suppress the water signal. The free
induction decay was acquired with 16K data points and a spectral
width of 7042 Hz. Prior to Fourier transformation, the free induction
decay was zero-filled once and multiplied by an exponential window
function with a line-broadening of 1Hz.
The processing and analysis of all NMR data was done on an IRIS
Crimson work station (Silicon Graphics) using the Felix 2.3.0. software
package (Biosym Technologies). The distance geometry calculations
were then performed using the program DIANA 2.0 from Peter Günthert
(ETH Zürich).
Energy minimization and simulated annealing were carried out on the
best protein conformations obtained from the DIANA calculation, which
least violated the experimental constraints, by applying the Tripos force
field [59] using the SYBYL 6.2 program package (Tripos Associates).
The energy minimization was performed according to the Powell
method (conjugate gradient). Simulated annealing, using the Verlet
method (‘Leapfrog’), was applied in three cycles, each starting at 700 K
for 1000 fs and then cooling the system down to 50 K exponentially
within 1500 fs.
The NMR measurements for rat I-FABP were carried out at pH=5.5 on
a VXR-500 spectrometer connected to a VXR-4000 data station
(Varian) in a manner analogous to the procedure described above
for ILBP. 
For identification of slow exchanging amide protons, the protein sample
buffer was replaced by a perdeuterated solution consisting of 20 mM
K2H2PO4 and 0.05% NaN3 in 2H2O by using Centricon-10 centrifugal
concentrators. This perdeuterated solution was prepared from the pro-
tonated buffer (90% H2O/10% 2H2O) by lyophilizing and redissolving
in 2H2O (Cambridge Isotope Laboratories) twice, without further pH
adjustment. The final, uncorrected pH value of the perdeuterated buffer
solution was equal to 6.7 and 6.8 for the ILBP and I-FABP samples,
respectively.
Accession numbers
The atomic coordinates of apo-ILBP are being deposited in the
Brookhaven Protein Data Bank.
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